It was recently reported that Al-rich aluminum oxide (Al 2 O 3 ) thin films, generally in the form of Al nanocrystal (nc-Al) embedded Al 2 O 3 nanocomposite, could be used in nonvolatile memory applications. [1] [2] [3] [4] Radio-frequency (rf) reactive sputtering, cosputtering, and electroncyclotron-resonance sputtering have been used to synthesize the Alrich Al 2 O 3 thin films. [1] [2] [3] [4] [5] The presence of excess Al content and the associated dangling bonds in the dielectric matrix significantly affects the physical properties of Al 2 O 3 thin films. 5, 6 In particular, the current transport in the nc-Al/Al 2 O 3 nanocomposite thin film could be very different from that in a stoichiometric Al 2 O 3 thin film. A study on the current conduction in the nanocomposite thin film is important to the memory applications. 3, 4 In this work, the Al-rich Al 2 O 3 thin film was synthesized by rf reactive sputtering to form a metal-insulatorsemiconductor (MIS) diode structure. Current-voltage measurements were carried out at various temperatures to investigate the current transport mechanisms of the MIS diodes under positive and negative biasing conditions, respectively.
The fabrication started with a p-type, (100)-oriented Si wafer (with the resistivity of ∼20 cm) which was cleaned by the standard cleaning (SC-1) process and a dip in diluted HF acid. Al-rich Al 2 O 3 thin film of ∼60 nm in thickness was deposited onto the wafer by rf reactive sputtering of an Al target (99.999% in purity) in a gas mixture of argon (Ar) and oxygen (O 2 ). The gas flowrate ratio of Ar:O 2 was maintained at 60:1. The as-deposited thin film was subsequently annealed with rapid thermal process at 500
• C for 5 min in dry nitrogen ambient. The synthesized film was analyzed by a Kratos Axis Ultra X-ray photoelectron spectroscopy (XPS) equipped with monochromatic Al Kα X-ray radiation (1486.71 eV). Figure 1a shows peak deconvolution of the Al 2p core level spectrum. The existence of an elemental Al peak at the binding energy of ∼72.9 eV indicates the film was Al-rich. Based on high-resolution transmission electron microscopy measurements reported earlier, 1, 6 the excess Al content formed nc-Al with an average size of ∼4 nm and an areal density of ∼1.2×10
12 /cm 2 . It was thus concluded that the film was in the form of nc-Al embedded Al 2 O 3 nanocomposite. A 200 nm-thick Al layer was then deposited onto the Al-rich Al 2 O 3 thin film through a shadow mask to form the gate electrodes with a diameter of 200 μm. Finally, the back side of the wafer was cleaned and coated with a 200 nm-thick Al layer as the bottom electrode for the MIS diode structure. Electrical measurements were carried out with a Keithley-4200 semiconductor characterization system at temperatures ranging from 25 to 150
• C. The voltages applied at the device were constrained within 2 V to avoid significant charging in the nc-Al/Al 2 O 3 nanocomposite thin film which may alter the current transport behaviors. Figure 1b and 1c show the gate current density versus gate voltage (J-V) characteristics of the MIS diode measured at various z E-mail: echentp@ntu.edu.sg temperatures. As can be observed from this figure, the structure shows a rectifying behavior in the current conduction, i.e., the current density under positive bias (i.e., reverse bias) is much smaller than that under negative bias (i.e., forward bias). From the perspective of charge carrier sources, the current under positive bias is solely due to the electron (the minority carrier in p-Si substrate) injection from the substrate; while under negative bias it is attributed to simultaneous injection of electrons from the Al gate and holes (the majority carriers) from the Si substrate. In other words, positive gate bias results in a reverse current purely due to the substrate injection, while negative bias induces a forward current due to both substrate and gate injections. However in this work, the forward current under negative bias is dominated by the gate injection as a result of the large barrier for holes. 7, 8 On the other hand, a strong dependence of the current conduction on the temperature can be observed from Fig. 1b when the device is positively biased. As the temperature increases with a step of 25
• C, the current density increases significantly in a step of about half decade. In contrast, the changes of the current under negative bias are not so significant as shown in Fig. 1c . Besides the temperature, the nc-Al concentration in the Al 2 O 3 film also has a strong impact on the current conduction in the devices. As reported previously, both the reverse and forward currents increase with the nc-Al density probably due to the nanocrystal-assisted tunneling. 9, 10 The strong temperature-dependence of the reverse current conduction suggests that the possible conduction mechanism could be Schottky emission, Poole-Frenkel emission or ohmic conduction. 11 The reverse J-V curves at the low and high electric fields are well described by the two mechanisms, i.e., ohmic conduction and Schottky emission, as shown in Fig. 2a and Fig. 3a , respectively. In the region of low electric field, the hopping of thermally excited electrons through defects is the dominant conduction process, resulting in an ohmic behavior in the current conduction. 11 For ohmic conduction, the current density (J ) is a linear function of the electric field (E) as given by
where q is the electron charge, N C is the effective density of states in the conduction band, μ is the electron mobility, k B is the Boltzmann constant, T is the absolute temperature, and E ac is the electron activation energy. The linear relationship between J and E is demonstrated in Fig. 2a , confirming the ohmic conduction behavior. The activation energy extracted from the Arrhenius plot of ln(J ) versus 1/T shown in Fig. 2b is ∼0.43 eV. The value of E ac is similar to that reported for ZrO 2 thin film. 12 As can be seen in the energy band diagram of the MIS diode under a small reverse voltage illustrated in the inset of Fig. 2b, electrons current is carried by the thermally excited electrons hopping from one state to the next at low fields. With a low concentration of excess Al present in the Al 2 O 3 matrix, the current conduction is a bulk-limited process.
When V > ∼0.3 V, the Schottky emission becomes the dominant current conduction process. The Schottky emission follows the J-E relationship below
where A * is the effective Richardson constant, qφ B is the barrier height, ε r is the dynamic dielectric constant, and ε 0 is the vacuum permittivity. Under high electric field, electrons in the substrate can be emitted into the conduction band of the Al 2 O 3 , overcoming the barrier between Al 2 O 3 and Si substrate. The fittings to the J-V characteristics at various temperatures based on Eq. (2) yields a Schottky barrier of ∼0.54 eV and a relative dielectric constant of ∼9. The value of ε r is reasonable as the dielectric constant extracted from the conduction falls in between optical dielectric constant (as high as 6 for Al-rich Al 2 O 3 ) 13 and static dielectric constant (15-22) 6, 14 As can be seen in Fig. 3b , the Arrhenius plots show a linear ln(J/T 2 )-1/T relationship, and they have nearly the same slope. It is thus derived that the effective Schottky barrier between the Al-rich Al 2 O 3 thin film and the Si substrate is ∼0.54 eV. It means that under relatively high electric field, the device current is limited by the generation and injection of electrons (minority carrier) from the p-Si substrate, as illustrated in the inset of Fig. 3b . The energy barrier here is much smaller than the reported values of conduction band offset (∼2 eV) between Al 2 O 3 and the Si substrate probably due to the presence of nc-Al induced defects. 7, 15 In addition, the effective energy barrier could be modified by means of voltage-induced charging processes, which induce hole/electron trapping in the nc-Al and their associated defects near the Al 2 O 3 /p-Si interface. The changes in the barrier provide the possibility to vary the reverse current conduction (or resistance) in the device, realizing a charging-controlled memory diode as reported in Refs. 3 and 4.
As compared with the reverse current, the forward current in the MIS device is much larger but less temperature-dependent, as shown in Fig. 1c and the in Fig. 4 . As illustrated by the fittings in Fig. 4 , the forward current conduction is found to follow a trap-controlled space-charge-limited conduction (SCLC) process which typically consists of the following three regimes: the ohmic regime, the square law regime, and the regime with a steep increase in current. 14, 16, 17 At a very low voltage (the ohmic regime), the electron injection from Al gate is insignificant and the current conduction is governed by hopping of thermally generated electrons inside the film, resulting in an ohmic behavior. When the voltage is larger than ∼50 mV, the electron injection becomes significant, and the current follows a square-law voltage dependence with the shallow traps being filled gradually until the trap- 
where μ is the effective carrier mobility, ε r is the dynamic dielectric constant, d is the thickness of the film, and θ is the ratio of free to trapped charges. Assuming shallow traps existing in the film, θ can be expressed as
where N C is the density of states in the conduction band, N t is the density of trap states, and (E C − E t ) is the trap depth. Since the N C in Eq. (4) is proportional to T 3/2 and the μ in Eq. (3) is proportional to
This suggests that a linear relationship of ln(J/T ) versus 1/T should exist, which is confirmed by the result shown in Fig. 5 . The plot of ln(J/T ) vs. 1/T leads to a nearly identical slope for different voltages in the SCLC conduction (i.e., the square-law) regime. From the slope for the temperature range from 25 to 150
• C, the trap depth (E C − E t ) of the nc-Al/Al 2 O 3 nanocomposite thin film is calculated to be ∼0. 14. This is reasonable as the amorphous Al 2 O 3 film embedded with nc-Al certainly contains defects over a range of energy levels instead of a single one. Generally, the defect density follows an exponential distribution which decreases with the distance from the conduction band, thus the current is a high power function of the voltage (e.g., J ∝ V 4.5 in this work). 14, 18, 20 After that [region (iv) in Fig. 4 ], the nc-Al/Al 2 O 3 nanocomposite thin film turns to a trap-filled state and the current conduction can be described by the trap-free Mott-Gurney law. 17 In summary, MIS diodes with nc-Al/Al 2 O 3 nanocomposite thin film have been fabricated by rf reactive sputtering for current-voltage characterization. Under a positive (reverse) bias, the current is significantly dependent on temperature. Ohmic and Schottky emission conduction behaviors have been observed in low and relatively high electric field regions, respectively. Under a negative (forward) bias, the current level is less temperature-dependent, and the current conduction is governed by the trap-controlled space-charge-limited conduction (SCLC) process.
